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Abstract Two synthesis routes were used to design high sur-
face area niobium-doped tin dioxide (Nb-doped SnO,, NTO)
nanostructures with either loose-tube (fibre-in-tube) morphol-
ogy using electrospinning or acrogel morphology using a sol-
gel process. A higher specific surface area but a lower appar-
ent electrical conductivity was obtained on the NTO aerogel
compared to the loose tubes. The NTO aerogels and loose
tubes and two reference materials (undoped SnO, aerogel
and Vulcan XC72) were platinized with a single colloidal
suspension and tested as oxygen reduction reaction (ORR)
electrocatalysts for proton-exchange membrane fuel cell
(PEMFC) applications. The specific surface area of the sup-
ports strongly influenced the mass fraction of deposited Pt
nanoparticles (NPs) and their degree of agglomeration. The
apparent electrical conductivity of the supports determined the
electrochemically active surface area (ECSA) and the catalytic
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activity of the Pt NPs for the ORR. Based on these findings,
electrospinning appears to be the preferred route to synthesize
NTO supports for PEMFC cathode application.

Keywords Niobium-doped tin dioxide (Nb-doped SnO,,
NTO) - Platinum - Aerogel - Loose tubes - Oxygen reduction
reaction - Proton exchange membrane fuel cell

Introduction

Proton exchange membrane fuel cells (PEMFC) are efficient
and promising energy converters. One of the remaining scien-
tific hurdles to be overcome before their wide commercializa-
tion is their long-term stability, in particular that of the cathode
electrocatalyst used to promote the oxygen reduction reaction
(ORR). This reaction is catalysed by Pt or Pt-alloy nanoparti-
cles (NPs) supported on a high surface area carbon (HSAC).
However, both the metal NPs and the HSAC support suffer
from severe corrosion during abnormal PEMFC operating
conditions (start-up/shutdown or fuel starvation events), dur-
ing which the cathode can reach electrochemical potential as
high as 1.5 V vs. the reversible hydrogen electrode (RHE)
[1-3]. The corrosion of the carbon support leads to detach-
ment of the Pt-based NPs, collapse of the electrode structure,
and ultimately degrades the electrical performance of the
PEMFC [4-9].

Using metal oxide (MO,) supports instead of HSAC is a
promising option to overcome the issue of carbon support cor-
rosion in PEMFC cathodes. Moreover, MO, supports are char-
acterized by strong catalyst-support interactions (SMSI)
[10-20], which may be used to tune the catalytic activity of
the Pt-based NPs, and provide enhanced resistance to NPs dis-
solution and ripening. According to Takabatake et al. [21],
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Sn0O,, TiO,, Nb,0Os, MoO3, and Ta,Os5 are viable MO, supports
for Pt-based NPs since they are thermodynamically stable un-
der the operating conditions of PEMFC cathodes. In particular,
SnO; has already demonstrated stability at electrode potentials
that are typical of PEMFC cathodes [21-28]. Various SnO,
morphologies have been developed including hollow spheres
[29], nanowires [30], 3D multiscale structure [31], flower-like
crystals [32], nanoclusters [33], loose tubes (LT, i.e., fiber-in-
tube structure) [25], and aerogels (AG) [20, 34]. However,
SnO, supports feature low electrical conductivity relative to
HSAC and must be doped with Sb, Nb or mixed with carbon
powders to be practically usable in PEMFCs [21-23, 27, 35].
As noted above, carbon being unstable under PEMFC operat-
ing conditions renders the last solution not practically vi-
able [2-5, 9, 36—41]. Equally important for PEMFC cathode
applications is the specific surface area achievable by the MO,
support. High specific surface area is required to maximize the
dispersion of the Pt-based NPs and limit their agglomeration.
However, increase in specific surface area may come at the
expense of the electrical conductivity since it will result in
larger content of grain boundaries, which act as resistances
for electron transfer [42, 43]. Despite its fundamental and
applied importance, the compromise between specific surface
area and apparent electrical conductivity of MO, supports
remains understudied and is the focus of the present study.

Herein, two 5.0 at.% Nb-doped SnO, (NTO) supports with
AG and LT structures were synthesized and characterized by
physical, chemical, and electrochemical techniques. A single
colloidal suspension served to decorate the NTO aerogel and
loose tubes as well as two reference materials (undoped SnO,
AG and Vulcan XC72) with Pt NPs. The catalytic perfor-
mance of the synthesized electrocatalysts for the ORR was
evaluated in model PEMFC operating conditions and
discussed with regard to the morphological and physico-
chemical properties of the MO, supports.

Experimental Section

Nb-doped SnO, aerogel (NTO-AG) and undoped-SnO,
aerogel (TO-AG) were synthesized using a sol-gel route pre-
viously described in Ref. [34]. A solution containing nitric acid
(HNOj;, Alfa Aesar, 2 N), water, and isopropanol (Acros
Organics, 99.5 %) was slowly added drop-wise under magnetic
stirring into a solution of tin isopropoxide (Alfa Aesar, 99 %
(metals basis), 10 % w/v in isopropanol) in isopropanol (iPrOH)
with a well-controlled amount of niobium precursor (Alfa
Aesar, 99 % (metals basis), 10 % w/v in isopropanol/hexane
(50:50)) to obtain the targeted ratio of dopant (5.0 at.% Nb).
The sol-gel parameters were: HNO3/Sn =0.072 mol/mol,
H,0/Sn=3.06 mol/mol, and iPrOH/Sn =119 mol/mol. The
as-formed gels were left for 48 h at room temperature and then
washed three times a day for 2 days with iPrOH before being
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dried under CO, in supercritical conditions (P = 80 bars, 7=
40 °C). The resulting aerogels were heat-treated in air at
600 °C for 5 h.

Nb-doped SnO, loose tubes (NTO-LT) were deposited by
electrospinning, as reported in former works [25, 44]. Firstly,
0.93 g of SnCl, 2H,0 (98 %, Acros Organics) and 0.060 g of
niobium (V) chloride (99.9 % min., Sigma Aldrich) were dis-
solved in 5.7 mL of absolute ethanol (puriss., Sigma-Aldrich).
A second solution was prepared by dissolving 0.80 g of poly-
vinylpyrrolidone (average molecular weight ~ 1,300,000,
Aldrich) in 3.1 mL of N,N-dimethylformamide (98 % min.,
Fluka). The two solutions were mixed and stirred overnight
and then electrospun at room temperature using an applied
voltage of 15 kV, a needle collector distance of 10 cm, and a
flow rate of 0.30 mL h™'. The as-spun fibres were calcined in
air at 600 °C for 4 h with a heating rate of 5 °C min™".

Pt NPs were deposited on the supports via a modified
polyol route. Firstly, a colloidal suspension of Pt NPs was
obtained by heating a solution of H,PtCls 6H,O (Alfa Aesar,
99.9 %) in ethylene glycol (0.33 gp, L") at 160 °C and pH 11
for 3 h under argon atmosphere. A controlled mass of a chosen
support material (SnO,-based or Vulcan XC72) was then
added and the pH adjusted to 2.0 or 3.0 for SnO, or Vulcan
XC72, respectively. The mixture was stirred for 12 h, filtered
with a 0.22-um membrane filter, and thoroughly rinsed with
MilliQ®-grade (MQ-grade) water. Finally, the samples were
heat-treated for 2 h at 60 °C in air.

Scanning electron microscopy (SEM) analyses were per-
formed on the aerogels using a Supra 40 with Gemini column
operated at 3.0 kV. The SnO,-based powders were deposited
on adhesive conducting carbon tapes. To avoid a charging
effect, the oxides were coated with a 7.0-nm-thick Pt layer,
using a Quorum (Q150 T). The morphology of the LT was
imaged by field-emission SEM (FE-SEM) using a Hitachi S-
4800 scanning electron microscope.

The electronic conductivity of the doped SnO, and Vulcan
XC72 supports was determined from resistance measurements
carried out at room temperature using an in-house conductiv-
ity cell equipped with four gold electrodes [45] and using
conventional Van Der Pauw calculations [46]. The samples
were analyzed as pellets prepared by pressing at 370 MPa
for 10 min.

Nitrogen adsorption/desorption isotherms for the LT and
AG samples were determined at =196 °C by means of a
Micromeritics ASAP 2020 apparatus. The LT sample was
outgassed overnight at 200 °C and the AG sample for
120 min at 7= 100 °C under vacuum (<10~ Torr). The spe-
cific surface area was calculated using the BET equation [47]
assuming 0.162 nm? for the cross-sectional area of one
N, molecule.

Bright-field scanning transmission electron microscopy
(BF-STEM) images and X-ray energy-dispersive spectroscopy
(X-EDS) elemental maps of the Pt/NTO, Pt/TO, and Pt/Vulcan
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XC72 electrocatalysts were acquired using a JEOL 2100F mi-
croscope operated at 200 kV in scanning transmission electron
microscopy (STEM) mode. The JEOL 2100F was equipped
with a retractable large angle Silicon Drift Centurio detector for
X-EDS elemental mapping. The quantitative analyses were
performed on the Pt M and the Sn L lines using the K-factor
provided by the JEOL software. Bright-field transmission elec-
tron microscopy (TEM) images of the synthesized materials
were also obtained with a Jeol 2010 TEM (point-to-point res-
olution of 0.19 nm) operated at 200 kV.

Atomic absorption spectrometry measurements were per-
formed on a PinAAcle 900F spectrometer (PerkinElmer) to
measure the amount of Pt deposited on each support.

X-ray diffraction (XRD) was performed using a PANalytical
X’Pert Pro MPD vertical goniometer/diffractometer equipped
with a diffracted-beam monochromator using Cu (K, mean)
radiation (A =0.15418 nm) operating at 45 kV and 40 mA.
The 20 angle was scanned from 15 to 139° using a step size
of 0.033° accumulating data for 480 s. The average crystallite
size was estimated from the broadening of the Pt(111) diffrac-
tion peak using the Scherrer equation.

The electrochemical measurements were conducted in four-
electrode Pyrex cells thermostated at 57 °C with the help of a
thermostated bath circulator. The counter-electrode was a glassy
carbon plate, and the reference, a mercury sulfate electrode
(MSE, Hg|Hg,SOy|saturated K,SO,), was connected to the cell
via a Luggin capillary. A Pt wire connected to the reference
electrode was used to filter the high-frequency electrical noise.
The working electrode was a rotating disk electrode (RDE) made
of glassy carbon (Sigradur®) onto which an aliquot of 80 pL of
an ink (composed of the studied electrocatalyst, Nafion® and
MQ-grade water) was drop-cast and dried in air at 110 °C. The
resulting porous RDE had a Pt loading of 60 pgp, cmgeofz. All
the glassware used in this study was first cleaned by immersion
in a H,SO4/H,0, mixture and thoroughly rinsed with MQ-grade
water. The 0.10 M H,SO, electrolyte was prepared from
MQ-grade water and H,SO,4 (Suprapur®, Merck).

Ohmic drop compensated electrochemical characterizations
were performed with an Autolab potentiostat (PGSTAT 302 N).
The /=f(E) curves and the catalytic activities presented are the
average of values obtained on three independent electrodes.
The working electrode was firstly immersed in the Ar-purged
electrolyte at controlled potential £=0.40 V vs. RHE and 15
cyclic voltammograms were recorded between 0.05 and 1.23 V
vs. RHE at v=0.10 V s~ '. The electrolyte was then saturated
with oxygen (O,) and 5 cyclic voltammograms were recorded
atv=5.0mVs ' and w = 1600 rpm between 0.10 and 1.05 V
vs. RHE, and the 5th cycle was used to determine the electro-
catalytic activity for the ORR. Finally, the electrolyte was
purged with Ar and 15 cyclic voltammograms were recorded
at v=0.10 Vs in the range 0.05 < £ < 1.23 V vs. RHE. The
15th cycle was used to determine the electrochemically active
surface arca (ECSA).

Results and Discussion
Synthesis and Characterization of the Supports

Figure 1 displays SEM images of SnO, (TO-AG) and the
5.0 at.% Nb-doped SnO, aerogels (NTO-AG) and loose tubes
(NTO-LT) synthesized in this study. The AGs featured a three-
dimensional network composed of spherical primary particles
with size ca 10 nm. The primary particles were arranged as
strings of beads and connected through a neck via grain
boundaries. The LTs, of fibre-in-tube morphology, had an ex-
ternal diameter of 300 nm for the tubes and 100 nm inner fibre
diameter, similarly to what was reported in previous studies
[25, 48]. BET measurements revealed a specific surface area
close to 80 and of 50 m? g~ for the AG and LT morphologies,
respectively. Moreover, since both supports were subjected to
thermal annealing at 600 °C under air after synthesis, they
crystallized in the rutile structure.

Despite this identical crystallographic structure, the NTO-AG
and the NTO-LT supports featured different apparent electrical
conductivities: 0=5.110* S cm ' and =28 102 S cm™,
respectively (Table 1). The 55-fold increase in apparent electri-
cal conductivity is related to the larger NTO crystallite size of LT
relative to AG: 9.8 vs. 6.3 nm, respectively. Indeed, according to
the observations of Wang et al. [43] on ordered mesoporous TO
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Fig. 1 SEM and TEM images of the synthesized supports: a, b SnO,
aerogel, ¢, d 5.0 at.% Nb-doped SnO, acrogel, and e, £ 5.0 at.% Nb-doped
SnO, loose tubes
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Table 1
from Table 12.1 of Ref. [60] with permission from Wiley

Structural and electrical properties of the supports used in this study. The BET surface area and the pore volume for Vulcan XC72 are reprinted

Undoped SnO, AG TO-AG ~ Nb-doped SnO, AG NTO-AG ~ Nb-doped SnO, LT NTO-LT ~ Vulcan XC72
Electrical conductivity, S cm™ - 51107 28107 5.3 [45]
BET surface area (Sgpp), m> g ' 81 76 50 252 [60]
Total pore volume, cm® g ' 31107 2.1107" 1410 0.63 [60]
Micropore volume, cm® g™ 151072 121072 7.8107* 3.7 1072 [60]
Diameter of the main pores, nm  15-20-40 20-30-45 10-20-60 20-35-350
Crystallite size, nm 8.8 6.3 9.8 -

supports doped with niobium, antimony, or tantalum, small crys-
tallite sizes favor large specific surface area but promote the
formation of grain boundaries between the primary particles,
which are detrimental to charge transfer.

Synthesis and Characterization of Electrocatalysts

The four MO, supports (TO-AG, NTO-AG, NTO-LT, and
Vulcan XC72) were then decorated with Pt NPs using a mod-
ified polyol route. To that goal, a single Pt colloidal suspen-
sion was used, which allowed a straightforward comparison of
the catalytic performance of Pt NPs supported on carbon and
doped or undoped SnO, supports.

As illustrated in Fig. 2, the Pt mass fraction was found to
depend on the specific surface of the MO, supports. The high
specific surface area of Vulcan XC72 enabled to reach the
nominal Pt mass fraction (20 wt%), while on the supports
featuring lower specific surface area, less Pt NPs were depos-
ited most likely due to the absence of anchoring sites. As
revealed by atomic absorption spectroscopy (AAS) measure-
ments, the effectively deposited Pt mass fractions were 16, 18,
12, and 20 wt% on TO-AG, NTO-AG, NTO-LT, and Vulcan
XC72, respectively (the nominal Pt mass fraction was
20 wt%).

To gain further insights into the morphology of the depos-
ited Pt NPs, BF-STEM images were combined with X-EDS
elemental maps (BF-STEM and X-EDS elemental maps are
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Fig. 2 Variation of the Pt mass fraction effectively deposited on the
SnO,-based supports as a function of their specific surface area
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the only electron-based techniques that allow Pt NPs and
SnO,-based supports to be distinguished as both materials
are crystalline and feature average Z values that prevent suffi-
cient Z-contrast). The images revealed that the Pt NPs depos-
ited on the TO and NTO supports were highly agglomerated
(Fig. 3a, h). In contrast, the Pt NPs were well-distributed on
Vulcan XC72 (Fig. 31, j). Despite different degree of agglom-
eration, the mean Pt crystallite size determined from X-ray
diffractograms was nearly identical for all the electrocatalysts
(ca 3.5 nm, see Table 2 and Figure S1), thereby suggesting that
the Pt agglomerates were indeed composed of individual
nanocrystallites. This was expected, as a single Pt colloidal
suspension was used to synthesize the Pt NPs on all the sup-
ports studied.

Electrochemical Characterization and ORR Activity
of the Different Electrocatalysts

The electrochemical characterizations performed on the vari-
ous Pt/SnO,-based materials are presented in Fig. 4. The
cyclic voltammograms (CVs) displayed in Fig. 4a unambigu-
ously show that the utilization factor of Pt was different on
different catalyst supports. Indeed, although the under-
potential adsorption/desorption of hydrogen (Hypq) could be
observed in the potential region £ <0.40 V vs. RHE for all
electrocatalysts (Fig. 4a), the Hypq charge density was ca three
times smaller on SnO,-based supports relative to Vulcan
XC72, translating into different Pt specific surface areas (Sp)
(Fig. 4c). Note also that the formation/reduction of Pt surface
oxides (£>0.60 V vs. RHE) could hardly be distinguished for
the SnO,-based supports except for the most conducting
Pt/NTO-LT. The charge density associated with the
formation/reduction of Pt surface oxides decreased in the order
Pt/Vulcan XC72 >>Pt/NTO-LT > Pt/NTO-AG > > Pt/TO-
AG. The ratio of the Pt specific surface area calculated from
the Hy,q desorption charge to that calculated from the surface
oxide formation (determined from the positive sweep for 0.70
<E<1.23 V vs. RHE) was close to 2 on Pt/Vulcan XC72,
<1 on PNTO-LT and Pt/NTO-AG, and nearly 0 on Pt/TO-
AG. This result is easy to understand if one considers the
papers of Boyle and Jones [49] and Senoo et al. [28]. These
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Fig. 3 STEM (a, ¢, e, g) and TEM (i, j) images and X-EDS elemental
maps (b, d, f, h) of the synthesized electrocatalysts: (a, b) PUTO-AG,
(c, d) P/NTO-AG, (e, f, g, h) PUNTO-LT, (i, j) Pt/Vulcan XC72

authors have shown that the chemisorption of oxygen on
Nb-doped SnO, leads to an electron-depleted surface.
This electron-depleted layer results in Pt nanoparticles being
electrically disconnected in the potential region £> 0.60 V vs.
RHE and hence results in their under-utilization.

This tendency is also visible in the linear sweep voltammo-
grams recorded in O,-saturated electrolyte (Fig. 4b): the absolute
value of the ORR current at £=0.90 V vs. RHE decreased in the
sequence: Pt/Vulcan XC72 >Pt/NTO-LT > Pt/NTO-AG > Pt/
TO-AG. The same holds true in the diffusion-limited region.
The difference in the kinetic or the diffusion-limited region
may be explained by the number of Pt active sites (electrochem-
ically active surface area (ECSA), Pt surface coverage) or by the
apparent electrical conductivities of the supports. However, since
the Pt loading was constant and the Pt specific surface areas were
of the same order of magnitude on the various SnO,-based sup-
ports (Fig. 4c), the number of Pt active sites is considered to be
nearly identical regardless of the support. Furthermore, the Pt
coverage on the different supports (0p;) was also nearly identical:

Spe mpy

Opp = (1)

S support Msupport

where Sp; is the Pt-specific surface area calculated from the
charge in the H,,q desorption region integrated between 0.05
and 0.40 V vs. RHE, mp, the mass of Pt for 1.0 g of catalyst,
Ssupport the specific surface area of support, and mgpper the mass
of support for 1.0 g of catalyst. The p, values estimated from
Eq. 1 are nearly identical for the four electrocatalyst: 0p, = 4.0,
5.2, 4.5, and 7.0 % for 16 % PY/TO-AG, 18 % Pt/NTO-AG,
12 9% PYNTO-LT, and 20 % Pt/C XC72, respectively.

Hence, it can be concluded that the differences in ORR
activity are mostly related to the apparent electrical conduc-
tivities of the supports. As discussed previously, the higher
electrical conductivity of NTO-LT over NTO-AG is obviously
related to their different crystallite sizes (Table 1). According
to Xu et al. [50], the electric resistance of SnO,-based supports
is dominated by the necking between the primary particles.
The authors have shown that the neck diameter (X) is propor-
tional to the diameter of the primary particles (D) [51] and that
SnO, becomes more resistive with a decrease of D. To evalu-
ate the level of necking between the primary SnO,-based par-
ticles, Senoo et al. [28] recently introduced the so-called
“Necking Index (NI).” The NI is defined as the ratio of the

Table 2 Properties of the
electrocatalysts synthesized in

this study

PYTO-AG PtYNTO-AG PtYNTO-LT Pt/Vulcan XC72
Nominal Pt mass fraction, wt% 20 20 20 20
Measured Pt mass fraction 16 18 12 20
(determined with AAS), wt%
Mean Pt crystallite size, nm 33 3.6 3.8 34
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Fig. 4 Electrochemical 1 el ' ' " c)]
characterization of the
electrocatalysts synthesized in
this study. a Cyclic ‘é 0
voltammograms in Ar-purged =
0.10 M H,SOy, b linear sweep -
voltammograms in O,-saturated
0.10 M H,SOy (inset: Tafel plot), y 21\ ]
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specific surface area determined by the BET equation to the
estimated surface area assuming spherical and isolated (non-
necked) SnO, crystallites with size determined by XRD.
Hence, high NI values indicate the development of necking
between SnO,-based particles. The authors confirmed that the
apparent electrical conductivity increases with decreasing the
number of interconnection regions between the primary SnO,-
based particles. Similar findings by Suryamas et al. [52] on a
Pt/SnO, nanofiber electrocatalyst and by Takasaki et al. [22]
on Pt/SnO, and on Pt/Al-doped SnO, support the present con-
clusions: using the necking index, a decrease of the conductivity
with decreasing NI values is indeed observed (Fig. 5).
Differences in surface dopant content may also account for
the observed variations of the apparent electrical conductivity.
Surface enrichment in doping element has already been ob-
served in SnO, supports doped with Sb, Nb, or In and was
found to strongly depend on both the heat-treatment and the
atomic fraction of doping element [26, 53—57]. According to
Cross et al. [56], beyond 4.0 at.% of Sb in a SnO, support, the
Sb concentration at the surface is always higher than 25 at.%.

a0 : ;

; A [ 16 wt.% Pt/TO-AG

= ool © 18 wt.% PtNTO-AG |
.§' . A 12 wt.% PtNTO-LT
§ 1E-3

3 1e-3l ]
5 o

Q

E 1E-4+ .
b

g 1E-5 =

o 0.6 0.8

Necking index /a.u

Fig. 5 Dependence of the apparent electrical conductivity of the
SnO,-based supports on the necking index
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Nb surface enrichment has also been reported in a SnO, support
doped with Nb [53]. In NTO supports, Nb surface enrichment
favors the formation of micro-domains of amorphous Nb,Os
[58], which is an insulator (the conductivity of a Nb,Os single
crystal is around 0=3.0 10°° S cm™") [59]. Hence, despite
identical doping level (5.0 at.%), high surface area supports
featuring small crystallites and thus large number of grain
boundaries are likely to favor the formation of Nb,Os-rich do-
mains, which will act as a barrier for the electron transfer.

Conclusion

Nb-doped SnO, supports are attractive alternative
electrocatalyst supports to replace conventional carbon sup-
ports in PEMFC. In this study, Nb-doped or undoped SnO,
aerogels and loose tubes were synthesized, characterized, and
decorated with Pt nanoparticles using the same Pt colloidal
suspension. The Pt mass fraction and the degree of dispersion
of the Pt NPs were found to strongly depend on the specific
surface of the support, being maximal for the supports with the
higher specific surface areas. However, due to smaller crystal-
lite size, the electrical conductivity was ca 55-fold lower for the
aerogel compared to the loose tubes, owing to a much larger
necking index. Furthermore, the apparent electrical conductiv-
ity is key to efficient Pt utilization and ORR activity: the values
of the kinetic current at 0.90 V vs. RHE decreased with de-
creasing apparent electrical conductivity of the SnO,-based
supports. The ORR specific/mass activity was four times higher
on Pt/Nb-doped SnO, with loose tube structure relative
to Pt/Nb-doped SnO, with aerogel structure. Based on these
findings, electrospinning appears to be a promising route to syn-
thesize Nb-doped SnO, supports for PEMFC electrocatalysts.
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